ABSTRACT High-penetration wind power grid access requires wind turbine generators (WTGs) to provide frequency regulation, and an accurate system frequency response (SFR) model is required for frequency stability analysis. To overcome the limitations of conventional methods, different operational regions of WTGs and wind speed disturbances are fully taken into account and a frequency response model of wind power (WPFR) participating in primary frequency control is developed by employing small signal analysis theory. Then, the WPFR model is integrated into the conventional SFR model to obtain an extended SFR model, which is given in the form of a symbolic transfer function with two input variables and single output variable, and can clearly and intuitively show the specific parameters that determine the system frequency response. Finally, the accuracy and effectiveness of the extended SFR model are verified through comparisons of the detailed model, and the impacts of initial wind speed, wind speed disturbance, and the wind power's penetration level on the system frequency response characteristics are analyzed and discussed. Such extended SFR model significantly avoids the need for modeling complex transient process while preserving the frequency response fidelity in a satisfactory level.
I. INTRODUCTION
Variable-speed wind turbine generators (VSWTGs) have been widely used in recent years due to their good operating characteristics, flexible active and reactive power control, and small power converters [1] , [2] . However, as such VSWTGs replace large numbers of conventional synchronous generators, the total inertia of the power system will decrease due to the decoupled state of the mechanical rotor speed and system frequency, which has a significant negative impact on the frequency stability of a power system [3] - [6] . To minimize this problem and improve the ability of a power system to accept more wind power, power system operators have suggested
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using WTGs to provide the system inertial response and primary frequency regulation [7] - [10] . In addition, the corresponding frequency control strategies include inertial simulation control and deloading control [11] - [16] .
To analyze the power system frequency characteristics following a disturbance event, apart from obtaining the equivalent inertia, damping coefficient and power shortage of the power system, a mathematical-expression-based frequency response model is needed to describe the primary frequency response characteristics of the synchronous generator [17] , [18] . The low-order system frequency response (SFR) model provides a faster analysis method for studying the grid frequency dynamics in the time scale of primary frequency regulation. As the penetration level of WTGs increases and because WTGs can provide frequency control, the conventional SFR model, which only includes synchronous generators, is no longer suitable. Thus, it is necessary to derive an accurate and fast model to analyze the frequency behavior of a power system with a high penetration of wind power, that is, the conventional SFR model needs to be extended to take into account the effect of wind power participating in frequency control.
Several studies on frequency response modeling methods for wind power have been recently performed. Frequency response modeling can be roughly divided into two main categories: simulating the equivalent inertia and the droop response method and the small signal state equation method.
The method of simulating the equivalent inertia and droop response is used to derive the equivalent WPFR model by calculating the available inertia and variable droop responses from the WTGs participating in frequency control. A probabilistic method for estimating the integrated inertial response of a wind power plant is proposed in [19] , while the droop response from the wind power controller and its coupling interaction with the inertial response are not taken into account. The combined inertia and droop response are proposed in [20] to improve the performance of SFR, but the coupling characteristics of the frequency control loop and the internal parameters of the WTGs are also not taken into account. As a result, the accuracy of this WPFR model exhibits considerable error compared with the actual wind power plant model.
The other small signal state equation methods derive the equivalent WPFR model based on their state equation. The authors proposed a reduced-order model of wind turbine generation with combined frequency control in [21] , that model is integrated into the conventional SFR model to obtain an extended SFR model for simulating the dynamic frequency response characteristic of a high-wind integrated power systems. And a new wind farm reduced model for inertial and primary frequency response for a high wind integrated power system was proposed in [22] . However, the above study only considered the pitch-angle-based deloading control strategy, and the adaptability of the deloading frequency control methods for WTGs in different wind speed regions are not taken into account. Similarly, a non-linear dynamic model based on an input-to-state stability method is proposed in [23] to analyze the inertial frequency response of doubly fed induction generators; however, only the numerical form of the frequency response is given, and the corresponding form of the frequency domain transfer function is not given. Thus, it is difficult to intuitively analyze the sensitivity of the WTG parameters to the frequency response model. Furthermore, only a single frequency control method is assumed for all wind speed regions. In addition, there are few studies on the derivation of the WPFR model in different wind speed regions in the present literature; a low-order frequency response model of wind power with different primary frequency regulation services considering different wind speed regions is proposed in [24] . However, a constant wind speed is assumed, and the wind speed disturbances are not taken into account. In general, as presented in the aforementioned studies, it is not clear how to derive an equivalent WPFR model if the adaptability of the frequency control method for WTGs in different wind speed regions and the impact of wind speed disturbance are taken into account. To fill the gaps in the present literature, this paper proposes a comprehensive equivalent method for deriving the extended frequency response model of a power system with a high penetration of wind power participating in primary frequency control.
The main contributions of this paper are as follows: 1) the transfer function form of the WPFR model for different operational regions based on current wind speed is deduced by using the small signal analysis theory; 2) the wind speed disturbances are fully taken into account as input variables to accurately represent the SFR model; and 3) the impacts of the initial wind speed and wind speed disturbance on the SFR are analyzed.
The organization of this paper is as follows. Section II presents the equivalent SFR model structure. Section III develops the WPFR model by taking into account different wind speed regions and wind speed disturbances. The WPFR model is presented in its transfer function form. Section IV verifies the model by comparative simulation, and the impacts of the wind speed and wind power's penetration level on the SFR are analyzed. Section V presents the conclusions.
II. EQUIVALENT SFR MODEL STRUCTURE
The schematic diagram of using the simplified SFR model to analyze the system frequency response is shown in Fig. 1 . Fig. 1(a) shows a schematic diagram of a power system with a high penetration of wind power. The power system is composed of (1) multiple synchronous generators and their governor controls, (2) multiple PMSG-based WTGs and their primary frequency controls, and (3) the local load.
The main objective of this paper is to represent WTGs with primary frequency control services by an equivalent WPFR model that can accurately and quickly represent the frequency dynamics of a wind power plant in the time scale of primary frequency regulation, Fig. 1 (c) . Then, the WPFR model is combined with the frequency response model of the conventional synchronous generator to form a new extended SFR model, Fig. 1(b) . Thus, the frequency dynamic response characteristics of a power system can be analyzed without performing a time-domain simulation, avoiding the need for complex transient process modeling.
The desired WPFR model must accurately represent: 1) the dynamic frequency behaviors under different WTG operational regions following a load disturbance and wind speed disturbance, which include the initial frequency change rate, frequency nadir and steady-state frequency. 2) the intuitive understanding of the impact of key parameters, including the initial operation parameters and control parameters, on the dynamic frequency response. To achieve these objectives, the WPFR model is mathematically expressed as an equivalent system with two input variables and one output variable, which introduce a load disturbance as one input variable, a wind speed disturbance as another input variable and the system frequency deviation as an output variable. The terms used in Fig. 1, ' 'model derivation, model verification and frequency dynamics analysis'', are fully explained in the following sections.
III. SFR MODEL FOR A HIGH-WIND INTEGRATED POWER SYSTEM
WTGs have different operational modes that depend on the instantaneous wind speed conditions, these operating modes can generally be divided into three zones, namely, the maximum power tracking zone, the constant speed zone and the constant power zone [25] , as shown in Fig. 2 . And different operational characteristics and frequency control strategies are taken into account.
In addition, the power curve shown in Fig. 2 includes normal operation and the deloading operation, in which the deloading operation ensures a 10% power margin for primary frequency control. The frequency control strategy adapted to different operational modes is important, and which will be elaborated on in the following subsections. On this basis, a low order WPFR model is developed while respecting the different operating zones and integrated into the existing conventional SFR model, then an extended SFR model with high penetration wind power is obtained. The structure of the extended SFR model is shown in Fig. 3 . Conventional generators are represented by thermal power units, where H sys is the equivalent inertia time constant, D L is the load damping coefficient, F H is the work ratio of highpressure cylinders, T R is the reheat time constant, R is the adjustment coefficient, and d G is the capacity share of the conventional generators. It is noteworthy that the red dotted line frame is a new factor after considering wind power access; G l (s), G m (s) and G h (s) are the transfer functions between the additional power variation p e and the system frequency deviation f in different operational regions; and V l (s), V m (s) and V h (s) are the transfer functions representing the relationship of wind power changes caused by wind speed disturbances in different operational regions. The parameter d W is the wind power penetration level. P L and v are the load disturbance and wind speed disturbance, respectively.
A. ZONE I: OPERATION AT LOW WIND SPEEDS
In the low wind speed region, the available rotational kinetic energy provided by wind turbines is extremely low, and ensuring the stability of wind turbines is a priority [25] . Thus, the WTG does not provide frequency support in this region and cannot provide inertial support to the system, and the frequency response model of WTG is considered to be zero, namely, G l (s) = 0. However, the overall inertia of the system is reduced. And additional power disturbances generated by wind speed disturbances can also adversely affect the system frequency.
The total grid inertia of a conventional power system can be calculated as [24] 
where S sys is the total generation capacity of the generators, and H i and S G,i are the inertia time constant and rated capacity of a single generator, respectively. n is the total number of conventional generators. Suppose that the traditional m generators are replaced by wind power with the same capacity, then the system inertia constant can be calculated as
where S W is the total generation capacity of the WTGs. Thus, the grid inertia constant will reduce the d W percentage.
On the other hand, the output behavior of WTGs can be described as
where P m is the mechanical power, ρ is the air density, r is the blade length, v is the wind speed, C p is the coefficient of wind energy utilization, λ is the tip speed ratio, β is the pitch angle, and P base is the rated power.
The unit mechanical torque is
With
where C p,max is the maximum value of the parameter C p . Here, the state equation of the WTG can be performed by using the small signal analysis method [26] . Furthermore, we no longer assume that all WTGs in the area are exposed to a constant wind speed mode, but instead consider the change in wind speed as a small signal disturbance.
At a specific operating point, the change in mechanical torque ( T m ) is obtained by partial derivatives of rotational speed, wind speed and tip speed ratio, which can be written as
The small signal state equation of the tip-speed ratio is
Which is simplified as
Substituting (4) and (8) into (6), the T m can be obtained
where C Pref is the reference value of the C P , λ ref is the reference value of λ, ω is the change in rotor speed, v is the change in wind speed, C p is the change in the wind turbine performance coefficient, λ is the change in the tipspeed ratio, the ∂C p ∂λ is the partial derivative of C p to λ, and k p is the scaling factor.
The change in electrical torque ( T e ) is obtained by partial derivatives of rotational speed, which can be written as
The power swing equation expressed by T m , T e and H t is as follows
where H t is the inertia constant of the WTG. Putting (9) and (10) into (11), the WPFR model can be written as
where
B
. ZONE II: OPERATION AT MEDIUM WIND SPEEDS
In the medium wind speed region, WTGs have enough reserve capacity to participate in frequency support. Combined with the operational characteristics of WTGs, the dynamic frequency control strategy of WTGs based on combined virtual inertia control and over-speed-based deloading control are adopted [27] , and WTGs can be operated in sub-optimal operation mode, as shown in Fig. 4 . Since the rotor speed of the wind turbine in this region cannot exceed the upper limit, the pitch angle does not need to be applied, and its value is set to zero to maximize the aerodynamic efficiency. The WTG can be operated at point A instead of point B [27] , which is called the deloading operation for primary frequency control. Thus, the maximum power and deloading power of WTGs can be described as
The real-time power and corresponding torque during frequency regulation are given in
where P e is the electrical power; P del is the deloaded power; d is the deloading percentage; P max is the maximum power; ω is the current rotor speed; ω max and ω del are the rotor speeds at P max and P del , respectively; and T e is the electrical torque. Similarly, wind speed disturbances are taken into account, and the change in mechanical torque ( T m ) is the same as that of (6) and (9) at a specific operating point. In addition, the frequency response may be controlled by changing the electrical power with respect to the frequency change.
where T e1 is the change in electrical torque with the change in system frequency f and R v and k v are virtual inertia control parameters. In addition, the change in electrical torque with a small change in rotor speed for over speed-based deloading control is derived as
Thus, changes in electrical torque with small changes in system frequency and rotor speed can be written as
Putting (9) and (21) into (11), the WPFR model can be derived and expressed in the form of small signal linearized transfer functions as follows
where the parameters g m , q m , a m , b m , and c m are given in equation (24), as shown at the bottom of this page, and k C is the value of the partial derivative of C p with respect to λ.
C. ZONE III: OPERATION AT LOW WIND SPEEDS
In the high wind speed region, the wind turbine rotor speed reaches the maximum limit, and it is no longer possible to achieve the deloading operation through overspeed control. At this point, the output power of the wind turbine can only be adjusted by the pitch angle control method to participate in the system frequency support. The dynamic frequency control strategy of VSWTG based on combined virtual inertia control and pitch-angle-based deloading control is adopted [28] , as shown in Fig. 5 . Similar to the expressions for the generator power (3)-(5) in zone I, the WTG output behavior can be described as where β 0 is the pitch angle of the wind turbine for the deloading operation. The unit mechanical torque can be expressed as
New options introduced by the pitch angle controller for frequency regulation can be written as
where β is the change in the pitch angle and k b is the proportionality coefficient. The change in mechanical torque ( T m ) is obtained by partial derivatives of rotational speed, wind speed, tip speed ratio and system frequency, which can be written as
Substituting (27) and (8) into (29) , T m can be obtained
where k β is the partial derivative of C p to β.
The change in electrical torque with a small change in frequency for virtual inertia control is the same as in (19) , and the change in electrical torque with a small change in rotor speed for pitch-angle-based deloading control is derived as
Thus, the total change in electrical torque with small changes in system frequency and rotor speed can be written as
By inserting (30) and (32) into (11), the WPFR model can be derived and expressed in the form of small signal linearized transfer functions as follows
where (35), as shown at the bottom of this page.
IV. SIMULATION STUDY
The simulation study was conducted using the IEEE 5-machine, 14 node system shown in Fig. 6 . All synchronous generators are composed of thermal power units and are equipped with a prime mover speed control system and excitation voltage regulator. The synchronous generators of node 6 are replaced by WTGs with the same capacity. It is assumed that the wind power plant composed of multiple WTGs is replaced by an aggregated equivalent WTG [29] , the detailed general non-linear model of a VSWTG is given in [30] , and the corresponding parameters can be found in the Appendix. The wind power plant adopts different frequency control strategies depending on the current operational region. In addition, a 0.05 pu load disturbance (on the total installed capacity base) occurs at t = 5 s in the simulation. Observing the error of the initial frequency change rate, the frequency nadir and the quasi-steady frequency of the two curves in the above two cases, the maximum error of the frequency drop is less than 0.03 Hz and the steady-state error of frequency is less than 0.01Hz; thus, it can be explained that the extended SFR model can fully describe the dynamic frequency response of the detailed system.
2) VALIDATION OF THE EXTENDED SFR MODEL IN THE MEDIUM WIND SPEED REGION
The typical medium wind speed of 9.2 m/s is selected as the initial wind speed, and 10% active power of WTGs is reserved for frequency control. Under the same scenario of the load disturbance used in the previous simulation, the comparison results in terms of the system frequency, the additional active power of the WTGs and the corresponding error are shown in Fig. 8 .
It can be seen from Figs. 8(a) and (b) that the dynamic response of the system frequency and the additional active power of the WTGs using the extended SFR model are accurately simulated by the detailed model. In addition, the corresponding absolute error of the system frequency and the additional active power of the WTGs are shown in Figs. 8(c) and (d) ; the maximum absolute errors in the system frequency and additional active power of the WTGs are 0.054% and 0.142%, respectively. The above comparison results show that the extended low-order SFR model, as expressed in (22) and (23), can fully describes the dynamic frequency response characteristics of the actual detailed model.
3) VALIDATION OF THE EXTENDED SFR MODEL IN THE HIGH WIND SPEED REGION
Assuming that the wind speed reaches 12 m/s, the WTGs adopt the frequency control strategy based on the pitch angle, and the reserve power margin is also 10%. As for the same load disturbance scenario of the previous study, the comparison results between the extended SFR model and the detailed model in terms of the system frequency, the additional active power of the WTGs and the corresponding error are shown in Fig. 9 .
It can be seen from Figs. 9 (a), (b) that the dynamic response of the system frequency and the additional active power of the WTGs using the extended SFR model agree well with those from the detailed model. Figs. 9 (c) and (d) show that the maximum absolute errors in the system frequency and additional active power of the WTGs are 0.051% and 0.18%, respectively. These results demonstrate that the extended low-order SFR model, as expressed in (33) and (34), can correctly describe the dynamic frequency response characteristics of the actual model.
B. IMPACTS OF WIND SPEED AND PENETRATION LEVEL ON SFR 1) IMPACTS OF INITIAL INSTANTANEOUS WIND SPEED ON SFR
First, the four typical medium wind speeds of 10.5 m/s, 10 m/s, 9.5 m/s and 9 m/s are selected as the initial wind speeds. The dynamic frequency response curves under the different initial operating wind speeds in the medium wind speed region are described and compared in Fig. 10 . It can be seen that when the initial wind speed is high, the additional power supplied by the WTGs is small and the dynamic frequency response characteristics are worse. The main reason is due to a lower initial wind speed results in a lower initial rotor speed. Therefore, the denominator in the transfer function (22) changes faster with the rotor speed than the molecule, thus increasing the gain of the transfer function.
Then, the four typical high wind speeds of 11 m/s, 11.5 m/s, 12 m/s and 12.5 m/s are selected as the initial wind speeds. The dynamic frequency response curves in the high wind speed region are described and compared in Fig. 11 . It can be seen that the dynamic frequency response characteristic is better and the overshoot of the additional active power response of WTGs is higher for higher wind speeds. We can conclude that the extended low-order SFR model in this region is effectively insensitive to the initial wind speed.
2) IMPACTS OF WIND SPEED DISTURBANCE ON SFR
Due to the dynamic frequency response trend caused by wind speed disturbances and the wind power's penetration level in the high wind speed region are similar to those in the medium wind speed region, this subsection only takes the medium wind speed region as an example to analyze the effects of these parameters on SFR.
The disturbance wind speed model is shown in Fig. 12(a) , which includes the basic wind speed, gust wind speed, slope wind speed and noise wind speed [31] , [32] . Assuming that there is no load disturbance and the wind speed changed abruptly at t = 50s and t = 100s, respectively, and the wind speed increase and decrease take around 10s. The frequency and active power response results are shown in Figs. 12(b) and 12(c), respectively. Fig. 12(b) shows that the trend of the frequency response is consistent with the change of wind speed, that is, an abrupt increase of wind speed will increase the system frequency value, and vice versa. However, compared with the load disturbance condition, wind speed disturbances make the system frequency response smoother (i.e., smaller dip value), that due to the transfer function (23) is a first-order system, which acts as an inertial damper similar to the first-order low-pass filter. In addition, Fig. 12(c) shows that abrupt changes of wind speed will result in two active power changes of WTGs, one of which is the WTGs' own output power ( p 1 ), which is caused by the coupling relationship between the wind speed and active power output, as shown in (23) . The other is the reserve power released ( p 2 ) by the WTGs to participate in system frequency control, as shown in (22) . And also can be seen that the changes in the directions of p 1 and p 2 during the wind speed disturbance are opposite and the magnitude of the change of p 1 is greater than p 2 .
In addition, the frequency response under different abrupt disturbance values of wind speed is shown in Fig. 12(d) . The result show that the greater change in the wind speed value, the worse the dynamic response characteristic of the system frequency. The trend of the results is similar to that of the frequency response under an abrupt load disturbance, but the difference is that the frequency response is smoother.
3) IMPACTS OF WIND POWER'S PENETRATION LEVEL ON SFR
The impacts of wind power's penetration level on the system frequency under the conditions of a constant wind speed and disturbed wind speed are shown in Fig. 13 .
Figs. 13 (a) and (b) depict the impacts of the wind power's penetration level on the system frequency response and the active power sharing of WTGs under a load disturbance and at a constant wind speed. As the wind power's penetration level increases, the frequency response behavior includes the initial rate of the change of frequency (ROCOF), the frequency nadir and the steady state frequency are improved immediately after the load disturbance, that due to WTGs can release more reserve power at higher penetration.
Figs. 13 (c) and (d) depict the impacts of the wind power's penetration level under the wind speed disturbance condition. The disturbed wind speed model used in this section is shown in Fig. 12 (a) . It can also be seen that with a higher penetration, the frequency behaviors are also improved immediately after a wind speed disturbance. In addition, it should be noted that when the wind power penetration level is large enough, the peak value of the system frequency will disappear and the frequency response curve will be smoother, that due to the frequency response speed of WTGs is faster than that of conventional synchronous generators, and the WTGs will provide more reserve power for frequency regulation at a faster speed.
V. CONCLUSION
In this paper, we presented an extended SFR model with high penetration wind power. Taking into account different WTG operational regions and wind speed disturbances, the WPFR model is first developed by using small signal analysis. Then, the WPFR model is integrated into the existing conventional SFR model to obtain a low order extended SFR model.
1) The low order extended SFR model is presented in the form of a symbolic transfer function with two input variables and single output variable, which introduce load disturbances as one input variable and wind speed disturbances as another input variable. In addition, it can clearly show the specific parameters that determine the system frequency response and gives an intuitive description of the frequency dynamic behavior. 2) Compared with the detailed nonlinear model, it was proven that the extended SFR model not only adequately and accurately describes the dynamic frequency response behaver of the system without simulating the complex electromechanical and electromagnetic structures but can also provide a simpler, clearer and faster way to understand the impacts of key parameters, including the initial operation parameters and control parameters, on the dynamic frequency response under event of a load disturbance and wind speed disturbance.
3) The impacts of initial wind speed, wind speed disturbance and wind power's penetration level on the system frequency response are investigated and discussed. At a higher initial wind speed, the system frequency response will be unfavorable in the middle wind speed region, while it can be improved in the high wind speed region. In comparison with a load disturbance, a wind speed disturbance also has a significant impact on the system frequency response, and the corresponding response curve will be smoother (i.e., lower dip value).
In addition, with a higher wind power penetration level, the system inertia will be reduced in the low wind speed region, while the frequency response in the middle/high wind speed regions will be improved. 
